The increasing demand for enantiopure drugs has led to the development of a variety of stereoselective separation technologies. Among them, high performance liquid chromatography (HPLC) is well recognized as a powerful, fast and efficient technique, which has been successfully employed for analysis and preparation of enantiomers of drugs. Nowadays, liquid chromatographic techniques are the focus of intensive research, which lead to the rational design and production of highly selective and efficient chromatographic materials. This review focuses on various HPLC methods and related hyphenated techniques (including LC-MS, LC-OR detector, LC-CD detector) for chiral separation of pharmaceuticals, many new developments and applications are introduced in chiral HPLC separations in recent years. In this paper, the usage of new materials as chiral stationary phases (CSPs) in liquid chromatography for enantiomeric discrimination is investigated in detail. Moreover, hyphenated techniques are very useful for chiral separation of HPLC, especially for separation of new pharmaceuticals.
INTRODUCTION
Molecular chirality is a fundamental consideration in drug discovery, it is very necessary to understand and describe biological targets as well as to design effective pharmaceutical agents (2005) [1] . A visual context was ever provided to position chiral technology in the highly complex and evolving drug discovery environment with its numerous challenges, hurdles, and tools (see Fig. (1) ) (2007) [2] .
Fig. (1).
Positioning Chiral Technology in a highly complex and evolving drug discovery environment [2] .
Nowadays, chiral separation covers an important area of analytical chemistry of relevance to a wide variety of scientific professionals. Many enantiomeric forms of drugs have been recognized to have different physiological and therapeutic effects. Very often, only one form is pharmacologically active in an enantiomeric pair. It is, thus, hardly surprising that the pharmaceutical industry needs effective methods to determine enantiomeric purity and obtain effective and safe drugs with single steroconfiguration (2006) [3] . Ward et al. (2006 Ward et al. ( , 2008 [4, 5] ever reviewed various developments and applications in chiral separations. A large number of approaches have been used to isolate enantiomers (such as gas chromatography, thin-layer liquid chromatography, capillary electrophoresis, liquid chromatography, supercritical fluid chromatography, electrokinetic chromatography, etc.), among the approaches enantioselective liquid chromatography has become the most popular technique for quickly obtaining limited quantities (from mg to multi-grams) of pure single enantiomers, especially in drug discovery [1] . Moreover, HPLC is well recognized as a powerful, fast, highly efficient and selective technique, successfully employed for preparation and analysis of enantiomers of drugs (2007) [6] . Okamoto et al. (2008) [7] reported about chiral HPLC for efficient resolution of enantiomers and mentioned that more than half of the determinations have been carried out by chiral HPLC in all the relative reports. In recent years, some new HPLC methods have been developed for the analytical and semipreparative resolution of new drug enantiomers (2005) [8] . Although HPLC may be considered as a mature technology, many advances have been made to improve the separation capability and the efficiency of method development and sample analysis continuously. Ever increasing demands for chiral analysis and for higher laboratory efficiency have driven the development of various options for high-speed analysis with the desire to improve chiral resolution (2006) [9] .
HPLC can be used either indirectly with chiral derivatization reagents (CDR) or directly with chiral stationary phases (CSPs) or chiral mobile phase additives (CMPA) to separate chiral compounds. The characteristics of these three chromatographic methods are summarized in Table 1 . At present, large kinds of new materials have been developed as chiral stationary phases (CSPs) in liquid chromatography. Also, some new chiral derivatization reagents and new chiral mobile phase additives have been used for enantiomeric separation successfully. Moreover, large amounts of applications of several hyphenated techniques (LC-MS, LC-CD and LC-OR, etc.) were reported succesively in chiral analysis (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) [10] [11] [12] [13] [14] . For example, when an enantiomer expresses exciton coupling that is observed in the CD spectrum, the absolute stereoconfiguration can be assessed in combination with molecular modeling studies of the lowest energy conformers (2005) (2006) (2007) (2008) [15] [16] [17] [18] [19] [20] [21] [22] .
This review focuses on the current developments in column technology and method development approaches, then a brief discussion of advances is given in hyphenated techniques. Related methods of rapid analysis include micro-columns, small particle columns and multidimensional chiral high performance liquid chromatography.
NOVEL CHIRAL STATIONARY PHASES (CSPS)
As is well known, chiral separation by HPLC with CSPs has become a powerful tool in the development of chiral drugs (2009) [23] . The HPLC-CSPs demonstrated great success for performing chiral separation in pharmaceutical industry, because the HPLC can be used both for analytical or preparative purpose in a very efficient and flexible way (2005, 2005) [8, 24] . So far, there are numerous commercially available chiral selectors or CSPs for the resolution of racemic drugs. Several new selectors for HPLC applications have been developed in recent years such as cyclodextrin, polysaccharide, protein, macrocyclic antibiotics, crown ethers, etc. Table 2 presents various typical kinds of chiral selectors, including their characterizations, structures and possible separation analytes.
Brush-type CSP
Brush-type CSPs, also called 'Pirkle CSPs', were invented by Pirkle's group since the early 1980s (1980, 1991) [25, 26] . The chemical structural characteristics of this type of CSPs are based on the presence of -donor groups, -acceptors group or the groups that could form multiple hydrogen bonds, and these groups can give a good fit to the "three point interaction principle" theory. This type of CSPs (such as DNB-Leu, DNB-PG, Whelk-O 1, Whelk-O 2, ULMO, -Burke, -Gem 1, all from Regis Technologies, Inc. USA) have been extensively used for chiral analysis (2003) (2004) (2005) (2006) (2007) (2008) [27] [28] [29] [30] [31] [32] [33] [34] . Some structural improvement of existing brush-type CSP have been carried out for improving limited separating capability of the CSPs. These novel CSPs show strong separating capability for many specific chiral compounds. Landek et al. (2006) [35] adopted brush type chiral stationary phases derived from L-leucine for enantiomeric separation of 1,1'-binaphthyl-2,2'-diol enantiomers. A novel chiral packing material for HPLC was prepared by connecting (R)-1-phenyl-2-(4-methylphenyl) ethylamine (PTE) amide derivative of (S)-isoleucine to aminopropyl silica gel through 2-amino-3, 5-dinitro-1-carboxamido-benzene unit (2007) [36] . A Pirkle-type chiral stationary phase for column chromatography based on N-p-Amino benzoyl-L-glutamic acid has been synthesized for resolution of -methylphenylethylamine (2010) [37] . 
Cyclodextrin CSP
The first CSP containing cyclodextrin (CD) bonded to silica gel was developed by DeMond in 1984 (1984) [38] . Recently, both the native CD CSPs and the modified CD CSPs with improved enantioseparation performances have been used in many cases (2008) [39] . Berkecz et al. (2007) [40] employed a kind of -CD based chiral stationary phase for enantioseparation of 1-( -aminobenzyl)-2-naphthol and 2-( -aminobenzyl)-1-naphthol analogs. Despite the numerous CD derivatives were developed as chiral selectors in the past decades for the purpose of chiral separation, a great need still exists for further effort to synthesize novel CD-CSPs with improved chiral recognition ability towards a large pool of racemic analytes with shorter time and greater accuracy. Tang et al. (2008) [41] provided a meaningful overview of recent work carried out in their laboratory on the synthesis of four series of mono-substituted positively charged CDs which were applied as chiral selectors in the separation of derivatized amino acids, anionic pharmaceutics and neutral analytes by and neutral analytes by chromatographic techniques. These novel cyclodextrin CSPs showed good chiral recognition ability in actual separation.
Polysaccharide CSP
Polysaccharide type CSPs have proven to be one of the most useful CSPs because of their versatility, durability, and loadability (2001) [42] . In recent years, a broad range of commercially available polysaccharide phases have been produced by Daicel group (Osaka, Japan), based on cellulose, amylose esters or carbamates. The cellulose-based columns (e.g. Chiralcel OD) and the amylose-based columns (e.g. Chiralcel AD) are frequently used for the enantioseparation [47] . Zhang et al. (2008) [48] employed Chiralpak IC for separation of 70 chiral molecules. The results indicated that Chiralpak IC exhibited high enantioselectivity for a large number of enantiomers. In addition, the versatility of mobile phase is an important factor for chiral separation on Chiralpak column. The chromatographic performances of Chiralpak IA under various mobile phases were investigated (2005) [49] . It was found that four solvents (methyl tert-butyl ether, dichlormethane, tetrahydrofuran and ethyl acetate) were particularly versatile in mobile phase. So it was highly recommended to screen these solvents first for enantioselectivity.
Jin et al. compared several polysaccharide-derived chiral stationary phases for the enantiomeric separation of N-fluorenylmethoxycarbonyl -amino acids (2007) [50] and N-protected -amino acids (2009) [51] . The result indicated that all the CSPs resulted in the greatest separation factor. However, Chiralpak AD and Chiralcel OD of the typical coated-type CSPs are not compatible with all solvents of the mobile phase (normal phase mode is mainly used), because the chiral selectors of polysaccharide derivatives for these CSPs are coated on a silica matrix. Moreover, owing to the compatibility with a wide range of solvents of the covalently bonded CSPs, it is expected some new application of Chiralpak IA and IB in enantiomer separation, especially for preparative purpose. Some literatures reported the technique for immobilizing the polysaccharide derivatives onto the silica gel formerly (2008, 2007) [52, 53] .
Protein-based CSP
The advantages of protein-based CSP include enantioselectivity to a wide range of compounds because all proteins have certain ability to discriminate chiral molecules. CSPs based on bovine serum albumin (BSA), human serum albumin (HAS), 1 -acid glycoprotein (AGP), ovomucoid from chicken egg whites (OMCHI), avidin (AVI), cellobiohydrolase I (CBH I) and pepsin are now commercially available (2001) [54] . So far, many protein-based CSPs have been developed, and some studies (2000-2003) [55] [56] [57] were published on the mechanisms and applications of enantioseparation of chiral drugs.
In recent years, serum albumin of other species, penicillin G-acylase, antibodies, fatty acid binding protein and streptavidin were newly introduced as the chiral protein-based selectors in CSPs (2008, 2008) [58, 59] . Fig. (2) shows good enantioseparation of tryptophan, warfarin and ibuprofen on
Fig. (2). Enantioseparations of (a) D/L-tryptophan, (b) R/S-warfarin and (c) R/S-ibuprofen
on HSA columns prepared by the SMCC and SIA methods. The HPLC conditions were as follows: sample concentration, 20μM tryptophan, ibuprofen or warfarin; sample volume, 20μL; mobile phase for tryptophan, pH 7.4, 0.067M potassium phosphate buffer; mobile phase for ibuprofen, pH 7.0, 0.067M potassium phosphate buffer containing 8% 2-propanol and 1mM octanoic acid; mobile phase forwarfarin, pH 7.0, 0.067M potassium phosphate buffer containing 5% 2-propanol and 1mM octanoic acid; flow rate for the SMCC HSA column, 1.5 mL/min for tryptophan, 1.0 mL/min for ibuprofen and warfarin; flow rate for the SIA HSA column, 0.3 mL/min for tryptophan and warfarin, 0.5 mL/min for ibuprofen; column size, 5 cm 4.6mm i.d.; temperature, 25 [58] .
HSA columns prepared by N-(4-carboxycyclohexylmethyl) maleimide (SMCC) and succinimidyl iodoacetate (SIA) methods [58] . The chiral recognition mechanisms of these proteins were persumed by molecular modeling, ligand docking, and X-ray crystallography, which can effectively promote the rapid development in designing new protein-based CSPs with specific group proteins used for chiral selectors.
Macrocyclic Antibiotics CSP
Macrocyclic antibiotics used as chiral selectors were first introduced by Armstrong's group (1994) [60] and represent a relatively new class of chiral selectors in separation science (2001, 2006) [61, 62] . The selectors have a large number of stereogenic centers and functional groups, which could realize multiple interactions with chiral molecules. So far, several macrocyclic antibiotics (including rifamycins B and SV, avoparcin, teicoplanin, ristocetin A and vancomycin) have been used as chiral selectors widely (2009) [63] . A vancomycin degradation product-based CSP has been adopted for chiral separation of racemic compounds (2007, 2008) [64, 65] . Honetschlagerova-Vadinska et al. (2009) [66] made satisfying evaluation of the enantioselective performance of two teicoplanin-based CSPs Chirobiotic T and Chirobiotic T2, and then the authors discussed the possible interaction mechanisms on the basis of the separation results and some theories. Pataj et al. (2009) [67] compared three teicoplanin-derived CSPs (Chirobiotic T, T2 and TAG) for the enantioseparation of 2 -homoamino acids. The result indicated that Chirobiotic TAG, whose structure contain no sugar units, may promote the interactions of the enantiomers of 2 -homoamino acids with branched alkyl or aryl side-chains, whereas 2 -homoamino acids with alkyl side-chains Chirobiotic T and T2 seem to be more favorable. Vancomycin-CSP was used for determinating thalidomide enantiomers in biological samples (2006) [68] .
Other CSPs
Chiral synthetic polymers, crown ethers, chiral imprinted polymers, ionic compounds, chiral ionic liquid, and some natural products have also been used as CSPs for the enantioseparation of pharmaceuticals and their unique structure always result in uncontemplated separation ability for chiral drugs.
A comprehensive review on the synthesis and application of chiral synthetic polymers was reported by Nakano (2001) [69] . Two new synthetic polymeric CSPs based on trans-(1S, 2S)-cyclohexanedicarboxylic acid bis-4-vinylphenylamide and trans-N,N-(1R,2R)-cyclohexanediyl-bis-4-ethenylbenzamide monomers were prepared and evaluated by HPLC in normal phase system (2008) [70] . Further, a new synthetic polymeric CSP for liquid chromatography was prepared via freeradical-initiated polymerization of trans-9,10-dihydro-9, 10-ethano-anthracene-(11S,12S)-11,12-dicarboxylic acid bis-4-vinylphenylamide. This new polymeric CSP showed special enantioselectivity for many chiral compounds in multiple mobile phases (2007) [71] .
Crown ethers are macrocyclic polyethers that can form host-guest complexes. The CSPs of crown ethers have an excellent chiral recognition ability and are easily bound covalently to the support. Berkecz et al. (2008) [72] employed a chiral stationary phase containing (+)-(18-crown-6)-2,3,11, 12-tetracarboxylic acid for chiral separation of several -amino acids. A novel CSP prepared by immobilizing a chiral pseudo-18-crown-6-type host onto 3-aminopropyl silica gel was used for the enantioseparation of 18 common natural amino acids efficiently (2005) [73] . In addition, a CSP based on (-)-(18-crown-6)-2,3,11,12-tetracarboxylic acid was evaluated for the direct resolution of the enantiomers of dipeptides and tripeptides (2005) [74] .
Molecularly imprinted polymers (MIP) have been exploited as CSPs since the pioneering work of Wulff in the 1970s (2005) [75] . Several excellent reviews were given in past years on the use of molecularly imprinted stationary phases in HPLC (1999-2001) [76] [77] [78] . Molecularly imprinted polymers CSPs can be extremely successful in most chiral for many certain compounds.
CSPs with ionizable groups have been developed in past few years. Hoffmann et al. (2008) [79] investigated the synergistic effects on enantioselectivity of zwitterionic CSPs for the separation of chiral acids, bases, and amino acids. For example, a novel strong cation-exchange-type of chiral stationary phase has been used for separation of cinchona alkaloids (2009) [80] .
Ionic liquids (ILs) are a group of organic salts that can keep liquid-state at room temperature. They have unique chemical and physical properties, including air-and moisture-stable, a high dissolving capacity and virtually no vapor pressure. Because of these properties, they can serve as "green" recyclable alternatives to the volatile organic compounds which are traditionally used as industrial solvents (1999) (2000) (2001) (2002) (2003) [81] [82] [83] [84] . Advances in ILs have made the synthesis of chiral ILs become a subject of intense study in recent years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . The popularity stems from the fact that it is possible to use chiral ILs as a chiral stationary phase in chromatography for the determination of pharmaceutical compounds (2005) -) in optically pure form which are commercially available by simple ion exchange reaction from corresponding chloride salts, and they successfully developed a novel method based on the near-infrared technique with this chiral IL serving both as solvent and as a chiral selector for the determination of enantiomeric purity. Yu et al. (2008) [98] also synthesized a series of structurally novel chiral ionic liquids with an either chiral cation or chiral anion, or both. Structurally novel and strong intra-and intermolecular chiral recognition ability of these chiral ILs showed that they could be used in a variety of applications including as chiral solvents for asymmetric synthesis and as CSPs for chromatographic separation.
In addition, a large number of natural products have been used as novel chiral stationary phases. A novel chiral stationary phase based on the L-RNA aptamer was a kind of highly biostable stationary phase due to the intrinsic insensitivity of L-RNA to the RNase degradation. Such an approach allowed one to reverse the elution order of enantiomer relative to that obtained with the corresponding D-RNA CSP (2005) [99] . [100] adopted glucose, cellobiose, lactose and raffinose as chiral stationary phases in HPLC, and the novel chiral stationary phases also possess high enantioseparation selectivity, which may be used in normal-phase and reverse-phase mode, and there is a great chiral discriminating complementary to present study.
CHIRAL DERIVATIZATION REAGENTS AND CHIRAL MOBILE PHASE ADDITIVES

Chiral Derivatization Reagents (CDRs)
The indirect method involving the derivatization process with some suitable chiral tagging reagent is an efficient way for the separation of many enantiomers, especially when suitable CSPs were not available. The mechanism of indirect separation is based on the use of chiral derivatization reagents to form a complex of diastereomers, the diastereomers differing in their physicochemical properties can hence generally be separated by conventional chromatographic columns. So far, enormous chiral derivatization agents are available. A review described the application of chiral derivatization agents in the HPLC separation of amino acid enantiomers (2008) [101] . A new chiral derivatization agent, 2,3,4,6-tetra-O-acetyl--D-galacto-pyranosyl isothiocyanate (GATC) was adopted for chiral separation of several -blockers (2006) [102] . Ten novel CDRs have now been used for HPLC enantioresolution of some -amino alcohols. The method was also found successful for the separation of 20 diastereomers from a mixture (2009) [103] . Kurosu et al. (2009) [104] reported unprecedented chiral derivatizing agents that allowed for the determination of the absolute configurations of a wide range of amino acids by only analyzing the carbamate nitrogen protons in 1H NMR spectra. [105] synthesized chiral hydrazine reagents for enantioseparation of carbonyl compounds. Another new chiral derivatizing reagent synthesized from s-triazine chloride was employed for enantioseparation of -amino acids by reversed-phase liquid chromatography (2008) [106] . With more and more new chiral derivatizing agents appear for selection, the methodology of chiral derivatizing agents will play a more important role in chiral separation.
Chrial Mobile Phase Additives (CMPAs)
It is possible to effect an enantiomeric separation using conventional HPLC stationary phases by adding a chiral selector in the mobile phase. In this method, enantiomeric separation is accomplished by the formation of a pair of transient diastereomeric complexes between racemic analyte and the chiral mobile phase additive. The advantages of this technique are so many, the most obvious of them are simplicity and flexibility; moreover there is no need for chiral derivatization. The frequently used CMPAs are ion-pairing reagents, ligand-exchanging reagents, protein-affinity reagents and cyclodextrin inclusion reagents. Among them, cyclodextrin was used for chrial mobile phase additives generally (1997-2001) [107] [108] [109] [110] [111] . Ma et al. (2009) [112] employed sulfated -cyclodextrin (S--CD) as CMPA for enantiomeric separation of chiral amine and explored the chiral recognition. The results showed that S--CD could undergo a conformational change with increasing temperature. Particularly, the aromatic part of the molecule was included inside the cyclodextrin through hydrophobic interactions with the interior of the macrocycle, which could reflect the interactions between the CMPA and analytes. Moreover, norvancomycin and vancomycin were adopted as CMPAs in chiral separation and gained expected affect for several certain analytes (2006, 2000) [113, 114] .
HYPHENATED TECHNIQUES
LC-MS
During the last decade, separation techniques coupled with mass spectrometry became an essential and powerful tool in molecular biochemistry, especially in the analysis of chiral compounds of pharmaceutical, clinical, environmental and/or agro-chemical interests. In order to evaluate the pharmacokinetics of a single enantiomeror of enantiomer mixture, manufacturers should develop quantitative assay for the individual enantiomers in vivo samples early in the drug development process. Currently, there is a trend toward converting chiral HPLC methodologies into more sensitive mass spectrometry-based approaches without losing the enantioselectivity of the assay (2004) [115] . The methodology of chiral LC-MS is becoming increasingly important for the routine analysis of chiral drug and their metabolites in biological matrices (2005) (2006) (2007) (2008) (2009) [116] [117] [118] [119] [120] [121] , also for toxicology research (2005) [122] .
The recent developments in chiral liquid chromatography coupled with atmospheric pressure ionization tandem mass spectrometry (LC-API-MS/MS) for the analysis of pharmaceuticals were reviewed by Chen et al. (2005) [123] . Various new ion sources including electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and atmospheric photoionization (APPI) have been employed for chiral separation of pharmaceuticals. Among these soft ionization techniques, only APPI source is compatible with both reversed phase and normal phase conditions without the safety concerns of a potential explosion. The schematic of APPI with a chiral column for the pharmaceuticals is shown in Fig.  (3) . D'Orazio et al. (2008) [124] employed a novel chiral nano-LC-MS for analysis amino acids in orange juice profiling. The complete set-up used for nano-LC-MS analysis of amino acid enantiomers is shown in Fig. (4) . Luo et al. (2010) [125] adopted chiral liquid chromatography and tandem mass spectrometry for simultaneous analysis of bambuterol and its active metabolite terbutaline enantiomers in rat plasma, the typical chromatograms are shown in Fig. (5) .
LC-CD
It is always required to determine the enantiomeric purity in the quality control of chiral drugs production. At present, the importance of the circular dichroism (CD) spectroscopy is increasing importance in pharmaceutical analysis because of the continuous appearance of commercially available CD detector in liquid chromatography (2007) [126] . Fig. (6) shows the basic components of the CD detector (2007) [127] .
HPLC with CD detector analysis (LC-CD) can establish a correlation between the absolute configuration of separated enantiomers and their characteristic CD transitions. So, LC-CD hyphenated technique is playing a gradual key role for determination of absolute configuration of chiral drug, especially in drug discovery. There are lasting LC-CD applications reported about determination of absolute configuration for enantiomers (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) [127] [128] [129] [130] [131] [132] [133] [134] . Iwasa et al. (2009) [130] employed on-line HPLC-CD in combination with HPLC-MS for analysis of benzylisoquinoline alkaloids, Fig. (3) . Schematic diagram of an atmospheric pressure photoionization (APPI) source [123] . Fig. (4) . Schematic representation of the column-switching system coupled with MS [124] . the chromatogram is presented in Fig. (7) . A novel chiral detector, a circular-dichroism thermal lens microscope (CD-TLM), was developed to realize sensitive and selective detection of small volume chiral samples on a microchip (2006) [135] . Thermal lens spectrometry (TLS) is a kind of photothermal spectrometry which holds promise for overcoming the low sensitivity of absorption-based detection methods, and the principle of CD-TLM is illustrated in Fig. (8) . This novel chiral detector is more than 250 times higher sensitivity versus that in a CD spectrophotometer for pure enantiomer detection. Ranjbar et al. (2009) [136] introduced circular dichroism techniques for biomolecular and nanostructural analyses. The result indicated circular dichroism is a powerful technique for evaluating the conformation of polypeptides and proteins. In a word, the development tendency of CD detector is aiming to improve its sensitivity to detect smaller amounts of enantiomers.
LC-OR
Some applications for OR detectors have received the most attention to date. The most fundamental is to verify the optical activity of the compounds of interest and to assign either a positive or negative rotation of the structure. LC-OR can also be adopted for the identification and characterization of impurities. However, this application has received little attention to date, primarily due to the relatively low sensitivity of most OR detectors and the need for optically pure standards to facilitate identification (2000) [137] . Kott et al. (2007) [127] made a meaningful evaluation of four commercial HPLC chiral detectors (three polarimeters and a circular dichroism detector). Moreover, LC-OR hy- Fig. (6) . Optical components of a CD detector [127] . Fig. (7) . LC-CD data and stop-flow LC-CD of (+)-reticuline and (±)-reticuline. CD detector: Jasco CD-2095Plus; pump: Jasco PU-2SOOPlus; column: chiralcel OJ-H (4.6 250 mm); fluent: N-hexane/ethanol/diethylamine: 50/50/0.1; flow rate: 0.5 mL/min. LC/CD detection: 236 nm; sample injection: 5 μg [130] . phenated technique has been developed for determining the change of enantiomeric excess in the chiral synthesis in order to confirm the reaction termination (2006, 2008) [138, 139] .
SOME NEW DEVELOPMENTS AND APPLICA-TIONS IN HPLC CHIRAL SEPARATIONS
Today, rapid analysis for chiral pharmaceuticals has become an inevitable trend. Fmoc-and Z-derivatives of natural and unnatural sulfur containing amino acids were separated by micro-HPLC with very short time (2004) [140] . The separation was carried out in microbore columns packed with a new material based on Ristocetin A bonded to 3.5 μm silica gel. The major advantage of micro-HPLC is much less consumption of expensive packing material, solvent and sample. Furthermore, the small particle size leads to higher efficiency and ideal resolution with shorter retention times.
Currently, particle size can be decreased even more, and the use of columns packed with sub-2 μm particles working under ultra-high pressure have been developed over the last 5 year (2005, 2006) [141, 142] . So, the use of columns packed with sub-2 μm particles in liquid chromatography with very high pressure conditions (known as Ultra High Pressure Liquid Chromatography, UHPLC) was investigated for the fast enantioseparation of drugs. Guillarme et al. (2010) [143] employed two alternative approaches for evaluation for rapid chiral analysis by UHPLC using amphetamine derivatives and -blockers as model compounds. Using this strategy, it was possible to achieve the robust separation presented in Fig. (9) . As a result 10 enantiomers from 5 different -blockers were well separated in less than 3 min, which demonstrated that the developed method could be applied for the establishment of optical purity of pure compounds at low levels in very short analysis times. Each rac--blocker was between 100 and 500 μg/ml before derivatization [143] .
CSPs associated with simulated moving bed (SMB) technology have also shown excellent performance in the separation of racemates. This technology has been mainly used in the area of chiral purification (2007, 1997) [144, 145] , where the resolution of enantiomers is usually a binary separation task with low selectivity and high operational cost (2007) [144] . Therefore, SMB is not only the method to prepare few grams of the chiral drug required by preliminary clinical tests but even more so most suitable way for the large-scale production. A laboratory-scale SMB unit made in home was adopted in an eight-column configuration (two column per section), as shown in Fig. (10) (2008) [146] . Rajendran et al. (2009) [147] reviewed simulated moving bed chromatography using for the separation of enantiomers. After realizing its potential for enantiomer separations, now the SMB technology is an important component of the separation toolbox in the pharmaceutical industry, particularly to manufacture single pure enantiomers of racemic drugs.
Nowadays, multidimensional high performance liquid chromatography technique is a powerful tool for analysis of complicated samples especially biological fluids. It is a powerful tool for chiral analysis too, which can be used to determine not only drugs' metabolites in plasma but also value of enantiomeric excess (e.e.%). Mullett et al. (2007) [148] provided an overview of the existing literatures with emphasis on advances in automated sample preparation methods for liquid chromatography. The column configurations including multi-dimensional-column mode can provide additional dimensions of selectivity. Albendazole metabolites were analyzed by direct injection of bovine plasma on multidimensional high performance liquid chromatography (2008) [149] , and the column-switching system employed is illustrated in Fig. (11) . Shi et al. (2009) [150] reviewed a recently developed technique that couples HPLC with on-line, post-column (bio)chemical assays and parallel chemical analysis to screen and identify bioactive compounds from complex mixtures without the need for cumbersome purification and subsequent screening. Those strategies have proved to be very useful for rapid profiling and identification of individual active components in mixtures, hence to provide a powerful method for natural product-based drug discovery. This system coupled with chiral columns can be employed for analysis of complicated samples with the high selectivity and sensitivity of detection. The on-line assays can always be adopted in a qualitative way and known active compounds can be screened and identified rapidly, while novel active compounds could be further investigated after target purification.
MECHANISM OF CHIRAL RECOGNITION
Although there are so many commercially available chiral columns used for chiral analysis, it is difficult to select suitable CSPs for efficient resolution of specific enantiomers rapidly. Therefore, it is very important for us to understand the mechanism of enantioseparation. Today, the intermolecular interactions between chiral selector and enantiomers can be calculated with quantum mechanics, molecular mechanics and molecular dynamics. The various molecular modelings have been established by X-ray crystallography, NMR and computer simulation in order to study chiral discrimination mechanism (2004) [151] . Among them, molecu- lar modeling is considered as a practical tool for evaluating the complex interactions taking place as analytes migrate through a chromatographic column, which could provide detailed information at the atomic level about how chromatographic process undergoes. Several molecular simulation theories have been employed to simulate the liquid chromatography process in enantioseparation. Chemometric analysis of enantiospecific retention data was first described by Francotte and co-workers (1988, 1991) [152, 153] . These authors applied multiple regression analysis to relate enantioselective separation on cellulose triacetate and cellulose tribenzoate columns to structural descriptors of analytes (2007) [154] . In order to study the retention and chiral recognition mechanism, the method of quantitative structure-enantioselectivity retention relationships (QSERR) was investigated from the quantitative equations established between the chromatographic retention of enantiomers and their molecular descriptors of physico chemical properties. QSERR was first introduced as a special term in a report on studies of HPLC data determined on human serum albumin (HSA) column (1992) [155] . Then, QSERR has been extensively studied since decades (1996) (1997) (1998) (1999) (2000) (2001) [156] [157] [158] [159] . Heberget (2007) [160] reviewed Quantitative structure (chromatographic) retention relationships (including QSERR) from 1996 to 2006. QSERR models can be used for successful classification of chiral drugs of various compound classes and/or chromatographic columns (systems), which is very useful for HPLC practitioners. Consequently, in QSERR studies one can address either variation in the non-enantiospecific strength of solute-CSP interactions due to differences in the chemical structure and properties (such as polarizability, number of hydrogen atoms, etc.) which increases the overall retention of both isomers or the forces which lead to chiral discrimination (2009) [161] . Moreover, Lipkowitz (2001) [162] introduced the atomistic modeling of enantioselection in chromatography, and the mechanism of chiral recognition for five types of CSPs has been studied and direct interactions are calculated between CSPs and analytes. The chromatographic process can be well analyzed using molecular dynamic model theories. The determination of the adsorption sojourn times and the number of adsorption-desorption or mass-transfer events can give a practical view of the molecular process of separation (2008) [163] . The studies of various kinds of molecular modeling for chiral separation by LC have been investigated extensively (2004) (2005) (2006) (2007) (2008) (2009) [164] [165] [166] [167] [168] [169] [170] [171] [172] . With researching the chiral recognition mechanisms at the molecular level, we can not only explain the experiment phenomena but also predict the results. It can guide us to adjust chromatographic conditions in order to improve the resolution of enantioseparation. What is more important, the new types of CSPs can be designed to realize the expected separation.
CONCLUSION
A major trend in LC for the separation of drug enantiomers is clearly heading toward faster and more efficient separation with comparable or improved separation capability. The development of liquid chromatographic procedures focuses on usage of efficient novel materials in column chromatography and hyphenated techniques with highly selectivity.
After the rapid development in many years, enantioselective liquid chromatography, particularly HPLC on CSPs, has become an indispensable part of drug discovery not only in daily chiral analysis but also in the fast preparation of drug molecules. As more chiral selectors are being developed and commercialized as CSPs, a systematic and deeply understanding of the chiral recognition mechanisms at the molecular level is essential for the future, so that researchers can rapidly select or even create suitable CSPs for efficient resolution of specific enantiomers in one day. Moreover, by using hyphenated techniques (LC-MS, LC-CD, LC-OR), we can know more information about molecule structure, pharmacokinetics, spatial configuration, eluting order for drug enantiomers. With the advances and promotion of related techniques, recent developments in HPLC enantiomeric separation, including micro-columns, small particle columns, simulated bed moving chromatography and multidimensional chiral high performance liquid chromatography, have been reviewed in this paper. Collectively, these advances will lead to persistent improvement of chiral separation capability. 
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